Kidder IJ, Mudery JA, Barreda S, Taska DJ, Bailey EF. Evaluating the control: minipump implantation and breathing behavior in the neonatal rat. J Appl Physiol 121: 615-622, 2016. First published July 8, 2016 doi:10.1152/japplphysiol.00080.2016.-We evaluated genioglossus (GG) gross motoneuron morphology, electromyographic (EMG) activities, and respiratory patterning in rat pups allowed to develop without interference (unexposed) and pups born to dams subjected to osmotic minipump implantation in utero (salineexposed). In experiment 1, 48 Sprague-Dawley rat pups (CharlesRiver Laboratories), ages postnatal day 7 (P7) through postnatal day 10 (P10), were drawn from two experimental groups, saline-exposed (n ϭ 24) and unexposed (n ϭ 24), and studied on P7, P8, P9, or P10. Pups in both groups were sedated (Inactin hydrate, 70 mg/kg), and fine-wire electrodes were inserted into the GG muscle of the tongue and intercostal muscles to record EMG activities during breathing in air and at three levels of normoxic hypercapnia [inspired CO 2 fraction (FI CO 2 ): 0.03, 0.06, and 0.09]. Using this approach, we assessed breathing frequency, heart rate, apnea type, respiratory event types, and respiratory stability. In experiment 2, 16 rat pups were drawn from the same experimental groups, saline-exposed (n ϭ 9) and unexposed (n ϭ 7), and used in motoneuron-labeling studies. In these pups a retrograde dye was injected into the GG muscle, and the brain stems were subsequently harvested and sliced. Labeled GG motoneurons were identified with microscopy, impaled, and filled with Lucifer yellow. Double-labeled motoneurons were reconstructed, and the number of primary projections and soma volumes were calculated. Whereas pups in each group exhibited the same number (P ϭ 0.226) and duration (P ϭ 0.093) of respiratory event types and comparable motoneuron morphologies, pups in the implant group exhibited more central apneas and respiratory instability relative to pups allowed to develop without interference. upper airway; motoneuron; apnea; control
OSMOTIC MINIPUMPS ARE small-capacity pumps (volumes 0.1-2.0 ml) that permit sustained drug administration at controlled rates over several days to weeks (23) . Minipumps have been widely used to study effects of chronic nicotine exposure on the developing fetus and, more specifically, on the development of respiratory control and the regulation of respiratory motoneuron function (6, 7, 16, 24 -26, 32, 34, 38, 39, 46, 47, 57) . Given accumulating evidence that gestational and/or neonatal stress perturbs CNS development (17, 21, 23, 31, 40, 62) and, second, that fetal exposure to anesthetic agents or to narcotics can disrupt critical processes including neurotransmitter synthesis, neurogenesis, and myelination (56, 59, 60, 68, 69) and alter axonal growth and synapse elimination (15, 49) , our focus in this case was on processes related to minipump implantation surgery and the potential impact on postnatal respiratory control and function. Accordingly, we studied pups born to dams that had undergone implant surgery and pups allowed to develop without interference, testing the null hypothesis that saline minipump implantation has no effect on respiratory patterning (9), on electromyographic activities of an airway dilator muscle (i.e., genioglossus) and respiratory pump muscles (i.e., internal and external intercostals), or on upper airway motoneuron morphology.
MATERIALS AND METHODS
All experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Arizona and adhered to the Public Health Service Policy on Humane Care and Use of Laboratory Animals. Forty-eight Sprague-Dawley rat pups (Charles-River Laboratories), ages postnatal day 7 (P7) through postnatal day 10 (P10), were drawn from two experimental groups, saline-exposed (n ϭ 24) and unexposed (n ϭ 24), and studied on P7, P8, P9, or P10. Pups were obtained from 14 litters each for salineexposed and unexposed groups, with no more than 3 pups drawn from any litter. In this case, we used saline exposure to assess the effects of anesthesia and surgical procedures (see details below). Unexposed rat pups were allowed to develop without interference and served as the control group. Pups in both groups had access to their dam, and in turn, dams had access to food and water ad libitum. All animals were housed under a 12:12-h light/dark cycle.
Saline Exposure
We followed previously published procedures for minipump implantation (13, 19, 34, 35, 38, 39, 46, 47) . Pregnant dams were delivered to the Animal Care facility at the University of Arizona and given 24 h to acclimate. On the following day, dams were anesthetized via intramuscular injection of 0.75 ml/kg "rabbit mix" (5-ml ketamine, 8-ml 20 mg/ml xylazine, 2-ml acepromazine) into the hind limb, followed by a subcutaneous injection of analgesic (Buprenex, 0.5 mg/kg) and preparation of the surgical site. An absence of limb withdrawal to paw pressure was confirmed prior to all surgical procedures and reassessed every 15 min to confirm a sufficient plane of anesthesia. A small incision was made at the base of the neck and stretched with a hemostat to facilitate implantation. An osmotic minipump (Alzet 2ML4; Durect, Cupertino, CA) was then placed through the incision and sutured shut (nylon). Antibiotics (CombiPen-48; Bimedi) were provided via a subcutaneous injection upon completion of the surgery. Postoperative care included analgesic injections (Buprenex, 0.5 mg/kg) every 12 h for a period of 36 h and an additional antibiotic injection 24-h postsurgery. Minipumps were charged to deliver saline at 6 mg·kg Ϫ1 ·day Ϫ1 for 28 days. All surgeries were performed on embryonic day 5 to coincide with embryonic implantation in the uterine wall late on gestational day 5 (67) . Because the Alzet 2ML4 pump is capable of delivering this dose for a period of 28 days, pups were exposed to saline throughout gestation through to postnatal day 10.
Respiratory Experiments
Pups were sedated via intraperitoneal injections of barbiturate (70 mg/kg each, Inactin hydrate; Sigma-Aldrich) (43) , and bipolar hookwire electrodes (0.05 mm; California Fine Wire) were inserted into the genioglossus (GG) muscle and into internal and external intercostal (IC) muscles with a 30-Fr needle (11) . The electrode tips were bared of insulation to increase recording "pick-up" area. An additional hook-wire electrode, inserted into the scruff of the neck, served as electrical ground. Electromyographic (EMG) signals were sampled at 5 kHz and preamplified at a head stage [model 1902-10, gain 10 times; Cambridge Electronic Design (CED)] and subsequently amplified (model 1902, gain 1,000 times; CED) and band-pass filtered (200 -2,000 Hz). Following insertion of the electrodes, pups were placed supine on a platform in a flow-through chamber ( Fig. 1 ) and maintained at 37 Ϯ 0.9°C with a heating pad (IT-18; Physitemp Instruments). At the conclusion of the experiment, pups were euthanized by an intraperitoneal overdose of pentobarbital (0.05 ml of 260 mg/ml solution). Placement of EMG electrodes in both muscles was verified at the termination of the experiment via dissection.
Respiratory-related motions of the chest wall were detected by a force transducer (FORT100; World Precision Instruments) placed in contact with the chest wall. Chest wall motion was sampled at 5 kHz amplified (1,000 times, TBM4 M; World Precision Instruments, Sarasota, FL) and displayed in Spike2.0 (Cambridge Electronic Design) (Fig. 1) . Pups breathed for 2 min in room air (baseline) and at each of three levels of normoxic hypercapnia [0.03, 0.06, and 0.09 inspired CO 2 fraction (FICO 2 )]. Humidified gases were delivered into the flow-through chamber via a rotameter (model FM-1050-VO-3T;
Matheson Tri-gas). The composition of the inspired gas was monitored online using O2 and CO2 gas analyzers (VacuMed 17518 and 17515). Temperature and humidity were monitored with a thermometer hygrometer (Fluker's CF-22642). All experimental sessions were captured using a Microsoft LifeCam Studio webcam connected to the experiment computer and synchronized with experimental data (Spike2.0, version 7.2). We used this footage to verify apneas and to distinguish nonrespiratory movement-related artifacts according to previously established criteria (20) .
Labeling Experiments
To determine the effects of osmotic minipump implantation on motoneuron cell morphology, we performed motoneuron-labeling experiments on 16 pups from unexposed (n ϭ 7) and saline-exposed (n ϭ 9) litters. As for in vivo measures, two to three pups were selected at random from each litter with no more than three motoneuron fills examined per animal. Injections of 10 l of rhodamine dextran (tetramethylrhodamine dextran; Invitrogen, Carlsbad, CA) dissolved in deionized water were delivered into the GG muscle via Hamilton syringe (26 gauge, 10 l; Hamilton, Reno, NV). Two days following the injection, pups were euthanized via lethal injection of sodium pentobarbital. Pups were decerebrated at the coronal suture and eviscerated, and the brain, brain stem, tissue surrounding spinal column, and rib cage were transferred to a dish filled with chilled (4°C) artificial cerebral spinal fluid (aCSF) solution. The medulla and spinal cord were extracted and pinned to a cutting block for serial sectioning via vibratome (Vibratome 3000; The Vibratome Company, St. Louis, MO). Transverse sections were taken until the rostral inferior olive and obex were visible. Two 500-m sections were collected, which included the obex and the hypoglossal motor nucleus (5, 39) . Sections were fixed overnight in dark conditions at 4°C in 4% paraformaldehyde (PFA) 0.1 M PBS (Sigma-Aldrich) solution.
Fixed sections were placed on a Leitz Laborlux S compound microscope equipped with epifluorescent illumination and filter sets for Lucifer yellow and rhodamine dextran (Leitz, Weitz, Germany). Glass electrodes (model p-97 Flaming/Brown micropipette puller) were used to impale a rhodamine dextran-labeled cell under visual control using a manual micromanipulator (Leitz). Each electrode was filled with 8% Lucifer yellow in lithium chloride (1.0 M). The interior of the micropipette was connected to the amplifier via an Ag/Ag Cl wire, and the bath was grounded similarly. Dye was introduced into the cell by passing negative current through the electrode for 20 -30 min to facilitate intracellular filling. The brain stem section was then stored in dark conditions at 4°C in 4% PFA in 0.1 M PBS. Sections subsequently were removed from PFA and washed four times in fresh 0.1 M PBS for 15 min at 4°C. Sections then were cleared in 50% glycerol 0.1 M PBS for 2 h, followed by 2 h in 80% glycerol 0.1 M PBS. Sections were mounted and stored in dark conditions at 4°C until imaging.
Confocal Imaging
Initial images were taken with a ϫ20 nonimmersion lens to confirm cells were labeled with rhodamine dextran. Imaged z-stacks subsequently were collected using a Zeiss 510 laser scanning confocal microscope. A z-stack was obtained with a ϫ40 oil immersion lens and 458-nm laser excitation to visualize Lucifer yellow emissions. Subsequently, slices were visualized by excitation at 488 and 543 nm to observe emissions from Lucifer yellow and rhodamine dextranfilled cells.
Data Analysis
Respiratory-related measures. Respiratory-related data were recorded using Spike2 software (Cambridge Electronic Design) and analyzed off-line using custom programs within Spike2. A cessation in breathing (i.e., absence of chest expansion) lasting for two or more breath cycles was designated an apneic event (34) . If EMG activity in both upper airway and respiratory pump muscles was quiescent during the event, it was designated as a central apnea (30, 43) . If EMG activity persisted in pump muscles, accompanied by a decrease or absence of EMG activity in the upper airway muscle, the event was designated as a hypopnea (30, 43, 53, 54, 58) . Mixed apneas were events characterized by an absence of EMG activity in both upper airway and respiratory pump muscles (i.e., central apnea), followed by respiratory pump muscle recruitment with absent or reduced upper airway activity (i.e., hypopnea). Event duration was calculated (in s) as the interval before resumption of normal, eupneic breathing. Event types were assessed over 8 min, corresponding to 2-min breathing in room air and 3, 6, and 9% FI CO 2 . Breathing rates were determined as the number of chest wall expansions (inspirations) per minute epoch. Heart rates were determined from the ECG signal obtained from the intercostal EMG lead, and R wave events were discriminated from the lead signal and reported per minute epoch. Finally, estimates of respiratory stability were obtained from the deidentified and digitized chest wall traces. The autocorrelation function (ACF) was applied to each respiratory trace using a 10-s (5,001 sample) window that encompassed at least 18 breaths devoid of spontaneous apneas/ hypopneas and movement-related artifact.
GG motoneuron morphology. Three-dimensional reconstructions of double-labeled cells were created from z-stacks using proprietary software (Reconstruct version 1.1.0.1; National Institutes of Health). All reconstructions were performed on fixed tissues after histochemical reactions, dehydration, and clearing. The area of the soma was traced for each plane within a z-stack and subsequently reconstructed (Imaris; Bitplane, Concord, MA). The number of primary projections-defined as a dendrite connected to the soma prior to the first branch point-was counted at the boundary of the cell body, and estimates of soma volume and soma surface area were determined by adding cross-sectional areas obtained in each plane and for each z-stack.
Statistics. With the exception of cell volume and surface areas, results are expressed as means Ϯ SE; n refers to the number of cells or animals as indicated. For statistical calculations we used SigmaStat 3.11 (Systat Software, Chicago, IL). A univariate ANOVA was used to test for group differences in body mass. The effects of group (i.e., saline-exposed vs. unexposed), gas condition (i.e., room air, 0.03, 0.06, 0.09 FI CO 2 ), and age (P7, P8, P9, P10) on heart rate and breathing frequency were assessed via a general linear ANOVA and a mixed model ANOVA for respiratory event frequency. A chi-square statistic (likelihood ratio) was used to assess differences in apnea type between groups. Differences in respiratory patterning were assessed via repeated measures ANOVA with one between-subjects factor, experimental group, and one within-subject factor, breath distance. Greenhouse-Geisser corrections for heterogeneity of between-group variances (sphericity) were employed as appropriate (29) . Values derived from soma volume measures were compared between unpaired groups using the Mann-Whitney test for nonparametric data. All tests were performed using statistical software (SPSS and R) with significance level set at P Ͻ 0.05.
RESULTS
Mean data for body mass are presented in Table 1 . There was no effect of group on body mass (P ϭ 0.174), and pups in both groups made steady gains in weight with age (P Ͻ 0.001). There were no between-group differences in breathing frequency at baseline (P ϭ 0.512). Average breathing frequencies at baseline were 105.33 Ϯ 8.77 breaths/min for saline-exposed and 104.17 Ϯ 11.08 breath/min for unexposed pups on P7. Basal breathing frequency rose steadily reaching 129.67 Ϯ 20.14 breaths/min (unexposed) and 124.33 Ϯ 14.19 breaths/ min (saline-exposed) on P10. Heart rate paralleled respiration with no significant between-group differences at baseline (P ϭ 0.064). The average heart rate rose from 362.50 Ϯ 20.32 (saline-exposed) and 350.08 Ϯ 34.28 (unexposed) on P7 to 383.16 Ϯ 24.34 (saline-exposed) and 373.46 Ϯ 29.33 (unexposed) on P10. Although average heart rate and average breathing frequency both declined in hypercapnia (P Ͻ 0.001), there were no between-group differences in the magnitude of those declines (heart rate, P ϭ 0.414; breathing frequency, P ϭ 0.100; data not shown).
We identified a total of 43 respiratory events in pups from both groups although the count varied between pups of the same age. Because respiratory event frequency was unaffected by chemoreceptor stimulation, we collapsed results obtained across gas conditions and found no evidence of a betweengroup difference in the absolute number or duration of the events (Fig. 2) . Using a previously reported technique (43), we subsequently differentiated between event types on the basis of chest wall motion and upper airway and respiratory pump muscle EMG. Illustrative recordings obtained from upper airway and pump muscle activities in a saline-exposed pup are shown in Fig. 3 . In this example, a central apnea characterized by EMG inactivity in both the upper airway and respiratory Values are means Ϯ SE. There were no significant differences between groups (P ϭ 0.174), and pups in both groups showed gains in mass with postnatal age (P Ͻ 0.001). pump muscles is followed by sustained pump muscle activation in the absence of upper airway activity, consistent with a hypopnea. Here we define a respiratory event that progresses from central apnea to hypopnea as a mixed apnea.
Pups at all ages exhibited spontaneous apneas; however, the number of apneas varied between pups of the same postnatal age and as a function of experimental group (range, 0 -4 apneas per gas condition). A total of 24/37 events were recorded in saline-exposed pups, and 13/37 were recorded in unexposed pups (Table 2) . Hypopneas were fewer in number, and the majority (3/4) occurred in unexposed pups. Two mixed apneas were noted, and both were recorded in saline-exposed pups. Because the number of apneas and hypopneas did not change with increments in respiratory drive, we collapsed across gas condition; nevertheless, neither apnea frequency nor apnea duration differed as a function of group (P ϭ 0.226) or postnatal age (P ϭ 0.725).
Next, to evaluate respiratory stability, we applied an ACF to each digitized chest wall trace. Representative chest wall recordings and resultant autocorrelation functions are presented in Fig. 4 for unexposed (Fig. 4A ) and saline-exposed (Fig. 4B ) pups of the same age. In both examples, the respiratory traces are near periodic, and the trajectory of the chest wall excursion in each breath is similar, although not identical, to that of the preceding and subsequent breaths. The extent to which the original chest wall signal (solid trace) aligns with a lagged copy of the signal (dashed trace) varies as a function of the delay, with maximum alignment attained at a time point that corresponds to the signal period (P) and which corresponds to the pup's breathing frequency. A maximal signal alignment is reflected in local maxima in the ACF whereas poor signal alignment is reflected in time points between peaks in the ACF.
A comparison between the panels in Fig. 4 highlights subtle differences in respiratory patterning for unexposed and salineexposed pups. Relative to the unexposed pup (Fig. 4A) , there is greater misalignment evident between the chest wall trace and the lagged copy of the trace in the saline-exposed pup (Fig. 4B ) that results in lower overall ACF peak values. Thus the first peak in the ACF (Fig. 4 , Ae and Be) for the saline-exposed pup is low (ϳ0.22) and roughly one-third that of the first peak in the ACF in the unexposed pup of the same age. Likewise, whereas the second peak in the ACF obtained from an unexposed pup is ϳ0.4, the second peak in a saline-exposed pup of the same age is less than half that value (ϳ0.18). Poor signal alignment and lower average ACF peak values are features of saline-exposed pups and are indicative of greater respiratory instability relative to unexposed peers.
We used an ANOVA to evaluate between-group differences in respiratory stability and to evaluate the ACF for each rat as a function of breath distance. ACF values for individual (saline-exposed and unexposed) pups along with group average (Ϯ SE) ACFs for are shown in Fig. 5A . A significant main effect for group [F(1,44) ϭ 6.11, P ϭ 0.017] indicates that saline-exposed pups experience greater respiratory instability than unexposed peers. Figure 5B shows the time course of respiratory instability, i.e., how quickly it develops and how quickly it resolves. The results of the ANOVA confirm a significant main effect for breath distance [F(4,176) ϭ 140.89, P Ͻ 0.001]; however, the absence of an interaction [F(4,176) ϭ 0.39, P Ͻ 0.82] indicates that the time course of that instability is similar for saline-exposed and unexposed pups.
Last, we examined the gross motoneuron morphology of retrogradely labeled genioglossus motoneurons and obtained estimates of soma volume and primary dendrite number for a subset of pups in both groups (Table 3) . Fills obtained from saline-exposed pups exhibited the same number of primary dendrites relative to unexposed pups of the same age (5.3 Ϯ 1.4 vs. 5.5 Ϯ 0.8). A Mann-Whitney U-test was run on filled cells obtained from nine pups assessing differences in soma volume Fig. 3 . An illustrative recording of a mixed apnea characterized by absence of EMG activity in pump and upper airway muscles followed by increasing EMG activation in both muscles followed by airway reopening and resumption of breathing. Black bar, central apnea; white bar, hypopnea. Fig. 2 . Average number (Ϯ SE) of central apneas recorded in 2-min recording windows exhibited by saline-exposed (n ϭ 24) (gray bars) and unexposed (n ϭ 24) (black bars) pups spanning postnatal days 7-10 (P7-P10). There were no significant differences detected between saline-exposed and unexposed pups in regard to either apneic frequency (P ϭ 0.226) or apnea duration (P ϭ 0.725) across the age span.
and surface area (P ϭ 0.05). Median scores in saline-exposed pups for soma volume and surface area were 10,053 m 3 and 2,513.3 m 2 , respectively, compared with 15,500 m 3 and 3,123.6 m 2 in unexposed pups of the same age. Neither difference attained statistical significance (P ϭ 0.27 and P ϭ 0.54; data not shown).
DISCUSSION
Minipumps provide a means of delivering substrate on a controlled and continuous basis with minimal stress to the pregnant dam. For the majority, the control condition entails implantation of a minipump charged to deliver saline. To our knowledge, only one previously published study included a no-treatment or unexposed condition in which pregnant dams were free from any form of intervention (39) . That study reported no evident differences in results obtained from salineexposed and unexposed in vitro preparations.
In this case, our objective was to determine how processes related to implant surgery, i.e., anesthesia, analgesia, and/or maternal stress, impact upper airway muscle function and respiration-related parameters of developing pups in vivo. Importantly, values for respiratory event frequency and duration obtained under sedation are in good agreement with results obtained in awake and unsedated rats of the same age (34) , and all pups exhibited a range of respiratory event types that encompassed central apneas, hypopneas, and mixed apnea. Equally important for the validity of the implant model, gross genioglossal motoneuron morphology and function-assessed via whole muscle EMG-appear comparable for saline-exposed and unexposed neonates. Only two significant differences were noted, as follows: the absolute number of central apneas detected and the tendency toward respiratory instabil- Central apneas were most common, and the greatest proportion of mixed apneas occurred in saline-exposed pups. ity, both of which were greater in the saline-exposed pups. The implications of these findings are discussed below.
Genioglossus Motoneurons
We report here on the motoneuron morphology and EMG activity recorded from the genioglossus muscle, previously identified as an airway dilator, and one of several tongue muscles that play a key role in preserving airway patency (3, 4, 41) . We studied rat pups in the early postnatal period, well after GG motoneurons have completed their migration to the ventral subcompartment of the hypoglossal motor nucleus (48, 64 -66) . Importantly, the second week after birth coincides with maturation of the respiratory motor pattern (37) and encompasses a highly plastic and narrow window of adjustment in ventilation and metabolism (18, 45) . Although numerous other studies document respiratory measures in pups as young as P3 (7, 35, 50) , we were unsuccessful in extending the lower age boundary below P7. Because insertion of hook-wire electrodes is noxious, we found it necessary to sedate pups to minimize distress and movement-related artifact. Also, whereas the titration of sedation in pups at this developmental age and weight (Ͻ17 g) can be challenging, placement of electrodes into target muscle groups is extremely difficult in very young pups as the risk of pneumothorax and/or laryngeal spasm secondary to electrode insertion increases within the youngest age ranges.
We confirmed electrode placement within the GG at the termination of all experiments (2, 27, 43) and used that location to guide injections of rhodamine dextran label into the muscle. Motoneuron fills were performed on fixed tissue to limit the potential for swelling with the introduction of Lucifer yellow. Although the glycerol preparation can contribute to tissue shrinkage or expansion, because all slice sections were subject to the same treatment the effect is presumed comparable for all the tissue sections obtained (12, 52) .
The techniques used in this study are comparable with earlier studies that assessed GG motoneuron morphology also in fixed tissue and which reported the same number of primary dendrites but smaller soma surface areas for neonates on P5-P6 and P13-P15 (51, 52) . In contrast, our results both for volume and dendrite number correspond very well with the recently published work by Carrascal et al. for the same period, P6 -P10 (18) . However, it is unclear from that study whether rhodamine dextran was injected into the tongue body or into the extralingual GG; thus the possibility that intrinsic muscle motoneurons (verticalis, transversus, inferior and superior longitudinalis) were labeled cannot be ruled out. Given differences in the absolute size and body weights of neonatal rat and mouse at the same developmental age, it is unsurprising that average soma volumes and surface areas reported in our rodent pups are much larger than those reported recently by Kanjhan et al. in neonatal mice (42) . The average ranges reported here for soma volume (10,330 -14, 
Implant Surgery
Consistent with previous studies, we administered an anesthetic comprising xylazine, ketamine, and acepromazine to each dam prior to surgery. A single dose of buprenorphine was administered for purposes of postoperative analgesia. Surgeries were performed on gestational day 5 to coincide with embryonic implantation into the uterine wall (63) . Some previous studies show adverse effects on fetal growth following repeat or sustained administration of buprenorphine and/or ketamine (33, 36) . Buprenorphine is a long-acting agonist/antagonist of opioid receptors, and prenatal administration affects neurotrophic factor and neurotransmitter synthesis, neurogenesis, and myelination as well as axonal growth (56, 59, 60, 68, 69) . Prenatal exposure to ketamine, which blocks N-methyl-D-aspartate (NMDA) glutamate receptors, also has been shown to interfere with synapse elimination, axonal growth (15, 49) , and embryogenesis (1) . Although neuronal susceptibility to insult varies with stage of development, in utero exposure to buprenorphine and/or ketamine may have contributed to the differences between saline-exposed and unexposed pups. Relative to unexposed pups, salineexposed pups exhibit overall lower average ACF values indicative of lower respiratory stability both within and across breaths (*P ϭ 0.017). B: distribution of ACFs as a function of breath number and treatment group shows comparable rates of decline in stability as a function of the time (P Ͻ 0.001). Thus, once instability is triggered, the trajectory of that instability and the subsequent return to eupneic breathing is comparable for both groups. Unexposed (n ϭ 9) 14,805.4 Ϯ 5,283.2 3,074.54 Ϯ 847 5.3 Ϯ 1.4 Saline-exposed (n ϭ 7) 10,330.9 Ϯ 1,448.6 2,710.14 Ϯ 363 5.5 Ϯ 0.8 It seems unlikely that saline exposure might contribute to a change in respiratory behavior and/or respiratory stability. A recent study in neonatal mice failed to demonstrate any change in breathing frequency or minute ventilation following acute saline injection or saline infusion over 7 days (28) . However, the potential for perioperative stress to impact fetal development is well documented, and acute stress has been shown to alter maternal endocrine function and, in turn, glucocorticoid signaling in the placenta as well as in the fetal brain (44) . Although surgical implantation of the minipump was performed on gestational day 5, likely in advance of CNS development and synaptogenesis (55) , maternal stressors including presurgical injection and/or physical restraint may impact fetal development resulting in altered postnatal function of salineexposed pups (17, 62) .
Central Apneas and Respiratory Instability
Subtle abnormalities in breath-to-breath interval variability have been documented in vivo (61) and in vitro (24); however, the frequency of abnormal respiratory events is remarkably low (6) , and there is a pressing need for novel techniques to identify abnormal respiratory patterns. We developed a recording technique that permits the faithful tracking of chest wall motions even in very small pups (i.e., Ͻ30 g) (43) . Here we applied a standard autocorrelation function to each digitized chest wall trace to obtain (unrestricted) estimates of respiratory system stability (9) . The ACF is the Pearson product moment correlation of a signal with a time-delayed copy of itself and yields an estimate of where a data point will occur at (some) time later based on its current location. In this case, the series of individual data points represent the trajectory of the chest wall throughout the breath cycle, and the data series arising from each 2-min sample traced the trajectory of the chest wall through consecutive respiratory cycles. Unlike Poincaré plots that depict averages obtained from data points within a breath (10, 14, 22) , the ACF considers each individual data point over successive breaths and therefore is exquisitely sensitive to any instability in chest wall motion. Using this approach, we detected instabilities in all pups with slightly more instability evident in the saline implant group than in unexposed peers. Unlike our previous results reported in pups exposed to nicotine in utero (9), here we found no difference between saline-exposed and unexposed pups in regard to the rate at which unstable breathing evolves. Thus, whereas respiratory instability is more common in saline-exposed pups, an instability, once triggered, follows the same time course for pups in both groups.
Summary
Laboratories worldwide use the neonatal rodent as a model to study the effects of acute and chronic drug exposure on cardiorespiratory development. The model is, in many respects, ideal because the fetus can be subjected to chronic drug/s exposure via an osmotic minipump implanted into the pregnant dam. Here we evaluated respiratory motoneuron morphology, respiratory event type (central apnea or hypopnea), event frequency, and respiratory stability in pups subject to minipump implantation during gestation and in pups allowed to develop without interference. Although we noted few betweengroup differences, evidence of a greater number of central apneas and greater risk for unstable breathing in saline implant pups reinforces the notion that gestational stress, anesthesia, and/or analgesia can impact fetal development and, in turn, breathing behavior in the first weeks of life. 
